The mechanism responsible for the inhibition of net carbon exchange (NCE) Lyons (13) concluded that an early effect of GLP was reduction ofgs and cycling of stomatal aperture which could result in lowered Ci and NCE. Evidence presented here indicates that the decrease in gs may be an effect rather than a cause of inhibition, because the decline in conductance occurs simultaneously with a decrease in the photosynthetic capacity of the mesophyll. These data support the view that g, responds to rather than controls carbon fixation rate (2, 16) . In addition to its use as a herbicide, GLP may have application as a tool for understanding photosynthetic carbon metabolism. In this study we have inhibited NCE with GLP and used gas exchange measurements to examine the effect of GLP on g,, internal C02, and the response to CO2 and 02 to identify the nature of the inhibition.
The herbicide GLP2, [(N-phosphonomethyl)glycine], inhibited NCE (5, 6, 12, 13) and starch accumulation (5, 6, 12 ) within 4 h after its application to exporting sugar beet leaves. The primary effect ofGLP on green tissue ofplants is thought to be inhibition of 5-enolpyruvylshikimate 3-phosphate synthase that results in accumulation of SHK and SHK 3-P (1, 10 (13) concluded that an early effect of GLP was reduction ofgs and cycling of stomatal aperture which could result in lowered Ci and NCE. Evidence presented here indicates that the decrease in gs may be an effect rather than a cause of inhibition, because the decline in conductance occurs simultaneously with a decrease in the photosynthetic capacity of the mesophyll. These data support the view that g, responds to rather than controls carbon fixation rate (2, 16 (14) . The plants were maintained under a 14-h photoperiod at 25°C, 60% RH day and 17°C, 75% RH night. Photon flux density was 0.75 mmol m-2 s-' at leaf blade level during growth and during experiments. Typically, leaves of plastochrons 4 and 5, having an area of 1.0 to 1.5 dM2, were used from 4 week old plants. Leaf Gas Exchange. An individual source leaf was sealed in a leaf chamber, which was connected in parallel to a closed atmosphere system circulating at 1.8 L min-' (4) . Build-up of NCE-inhibiting substances was prevented by venting the system atmosphere at intervals every 1 to 2 h. Temperature of the ai. was controlled near 25°C by a heat exchanger and the RH at approximately 65% by raising or lowering the dew-point of the air entering the leaf chamber. Unless indicated otherwise, the CO2 level in the chamber atmosphere was held at 350 Al CO2 L`air by addition of CO2. NCE was calculated from the depletion of CO2 which was allowed to vary by less than ±50 ul L-'. In some cases external CO2 concentration was changed in steps of 650 IA CO2 L`to I.
The difference between atmospheric CO2 concentration and Ci, was calculated from transpiration and NCE rates by means of the equations of von Caemmerer and Farquhar (15) as modified by Fields et al. (3) . A value of 1.7 was used for the ratio of diffusion coefficients for H2O:CO2 (7) . The water vapor content of the air entering and leaving the leaf chamber was measured with a capacitative RH probe (Vaisala Humicap). Temperatures of the leaf, the RH probe, and the air surrounding the leaf were measured with thermocouples. The leaf temperature thermocouple was 150 ,um in diameter to give rapid response. Gas exchange parameters were measured during the preceding day and for the first 2 h before the treatment to obtain control values. RESULTS Carbon Dioxide Exchange. NCE began to decrease approximately 4 h after GLP was applied to exporting sugar beet leaves (Fig. 1A) , as reported previously (5) . Application of a 17 mM solution of GLP, to give a dose of from 104 to 200 nmol GLP cm-2 generally produced a similar degree and timing ofinhibition of NCE provided leaves were maintained under air level of CO2 (Table I ). The concentration threshold for the GLP effect on NCE was not determined but the use of the manufacturer's recommended application levels was sufficient to saturate the effect. Munoz-Rueda et al (8) found that use of a similar level (15 mM) and 10-and 100-fold more dilute levels eventually produced the same degree ofinhibition of stomatal conductance, but the effect developed more slowly at lower concentrations. Stomatal conductance decreased simultaneously with NCE such that the ratio of NCE:g, remained nearly constant (Fig. IC) as did the ratio in control leaves under uniform illumination. As a consequence, values for Ci increased only slightly throughout the day in GLP-treated leaves (Fig. 1 B) even though NCE began to decrease several hours after GLP application.
Relation of NCE to Ci. Net carbon assimilation rate showed the typical two-phase relationship to Ci (2) in both control leaves and GLP-treated leaves prior to the decline in photosynthesis (Fig. 2) . Both phases were nearly linear. As the time following GLP treatment increased, NCE decreased uniformly at all CO2 concentrations causing the response curves to remain parallel and the transition point between the two phases to move from 100 to 200z1 L-' C. As inhibition progressed the extent of the first phase decreased, making determination of its slope increasingly impractical. The value for r rose as NCE fell, while the slope of the second phase remained nearly unchanged. NCE rate 3Roundup is the registered trademark of Monsanto Agricultural Products Co. Formulation of glyphosate. (Table   III) .
GLP-Induced Decrease in WUE. As g, decreased along with NCE, leaf temperature gradually increased by nearly 2°C (Fig.  3A) . As a result, the WVCD between evaporating surfaces in the leaf and the air increased (Fig. 3C ) and offset the decrease in g,. Consequently, transpiration rate fell only slightly and the GLPinduced decrease in NCE produced a corresponding fall in water use efficiency.
CI/Ce Ratio. For the first 7 h after treatment the values for C,/C were generally within the range of 0.6 to 0.75 (Fig. 4) , Plant Physiol. Vol. 85, 1987 which is characteristic of C3 plants (16) . When CO2 was maintained at air level the CC,C ratio did not change for the duration of the light period ( Fig. 1) but by the start of the next light period (the following day) the ratio rapidly rose to 1 (data not shown). WhenCO2 was lowered stepwise periodically, the ratio gradually increased to 1 within 10 to 12 h after application of GLP (Fig.   4 ).
DISCUSSION
Stages of NCE Inhibition. The inhibition of NCE developed in three stages. For the first 4 h NCE, stomatal conductance, and Ci did not change. This delay was not the result of a limitation in the rate of penetration of GLP or the need to exceed a threshold concentration ofGLP because effects ofGLP treatment on levels of metabolites appeared shortly after application, before effects on NCE were seen (12). Then, approximately 4 h after GLP application, the rate of NCE at a given Ci began to decline (Fig. 2 ) but the Ci:C0 ratio remained constant. Finally, after 8 h this ratio increased abruptly (Fig. 4) . The r increased during the second stage and reached air level during the final stage, near the end of the light period or, more often the next morning.
Direct Effect of GLP on Carbon Exchange. Conceivably, the fall in NCE following application of GLP could result from increased stomatal resistance caused by a direct, GLP-induced narrowing of stomata as proposed by Shaner and Lyon (13) .
However, stomatal closure was likely a secondary response. If the decrease in NCE observed in the present study had resulted primarily from higher resistance to the entryof C02, i.e. from a decrease in g, carbon assimilation would have lowered Ci markedly. Rather, it appeared that a direct inhibition of carbon fixation slowed removalof CO2 from leaf intercellular spaces and an adjustment of stomatal aperture allowed Ci to remain nearly unchanged (Fig. 1B) . A direct lowering of stomatal aperture by GLP, fortuitously paralleling the fall in NCE, cannot be ruled out, however.
Failure of Ci to decrease with NCE supports the view that the GLP-induced slowing of NCE is caused by a direct inhibition of carboxylation. The observed decrease in g, with decreasing NCE is consistent with a mechanism that regulates gs to the rate of NCE (16) . Wong et al. (16) , studying both C3 and C4 plants, showed that stomatal aperture generally adjusted to the rate of CO2 utilization, regulating Ci to a remarkably constant level. They found that, with changes in ambient CO2 concentration, the stomata frequently responded in such a way as to maintain the ratio of intercellular to ambient CO2 concentration between 0.6 to 0.8 in C3 species and 0.3 to 0.5 in C4 species. Disruption of chloroplast carbon metabolism appears to be an early and important effect of GLP.
Possible Inhibition of RuBP Regeneration. PhotosytAthetic rate atlow CO2 concentrations in the chloroplast is a linear function of CO2 concentration (Fig. 2) , with the degree of response to C, (slope) being determined mainly by the activity of RuBP carboxylase (2, 15) . RuBP level is thought to be saturating for the RuBP carboxylase present in the leaf under these conditions and so is not limiting the response to Ci. In this study, the slope of the first phase did not decrease as NCE began to decline several hours after GLP treatment (Fig. 2) , indicating that a drop in the activity of RuBP carboxylase did not occur during the decline in NCE. Above a transition Ci there was a smaller response in NCE rate to a change in Ci (Fig. 2) . The regeneration of RuBP is thought to limit NCE above the transition Ci (2, 15) . Approximately 4 h after GLP application the rate of NCE at a given C, began to decline (Fig. 2) 
